Introduction
============

Stroke is the second most common cause of death and major cause of disability worldwide.[@R1] Approximately, 80% of the cases are ischemic. Cerebral ischemia results in severe intracellular energy stress leading to cell death. Meanwhile, the defense to energy exhaustion and metabolic stress contributes to the survival of neurons under cerebral ischemia.[@R2] Autophagy is a novel cytoprotective mechanism, whereby cells self-digest intracellular organelles as a salvage mechanism for survival during starvation.[@R3]^,^[@R4] Understanding the molecular regulatory mechanisms of autophagy and the relevance of autophagy in various diseases, such as neurodegeneration and ischemic injury, have a potential therapeutic significance.[@R3]^,^[@R4] Recent studies have demonstrated that autophagy represents a critical neuroprotective response against neuronal injury.[@R5]^,^[@R6] As a highly conserved process, autophagy is elegantly controlled by key intracellular signaling pathways and multiple autophagy-related (ATG) proteins.[@R3]^,^[@R4] We previously showed that autophagy contributes to the neuroprotective mechanism of NAMPT (nicotinamide phosphoribosyltransferase) in cerebral ischemic injury.[@R7]^,^[@R8]

β-arrestins are a family of cytoplasmic adaptor proteins consisting of 2 members: ARRB1 and ARRB2. As their names imply, they were initially identified as the proteins that function to desensitize G protein-coupled receptors (GPCRs).[@R9]^,^[@R10] Later research shows that β-arrestins also serve a second function in GPCRs internalization.[@R9]^,^[@R10] Moreover, it has recently been realized that β-arrestins also act as scaffold proteins to interact with other proteins, and influence intracellular signaling pathways and manipulate cell biological functions dependent on or independent of GPCRs.[@R9]^,^[@R10] Accumulating evidence has confirmed their importance in human health and disease,[@R11] including our previous work on their critical regulation of insulin resistance and autoimmunity.[@R12]^,^[@R13] In brain, ARRB2 regulates Aβ generation and γ-secretase activity in Alzheimer disease,[@R14] suggesting the importance of β-arrestins in central nervous system (CNS) disease. However, the role of β-arrestins in cerebral ischemia is essentially uncharacterized. Here we demonstrate that ARRB1, but not ARRB2, protects against cerebral ischemic injury via a previously unknown mechanism involving BECN1-dependent autophagosome formation.

Results
=======

Cerebral ischemia stimulates protein expression of β-arrestins in brain
-----------------------------------------------------------------------

We investigated the protein expression of ARRB1 and ARRB2 in cardio--cerebro--vascular tissues. As shown in [Figure 1A](#F1){ref-type="fig"}, both ARRB1 and ARRB2 were expressed in mouse brain tissue. In a well-established mouse model of cerebral ischemia produced by middle cerebral artery occlusion (MCAO), both ARRB1 and ARRB2 were upregulated in the peri-infarct penumbra tissue ([Fig. 1B](#F1){ref-type="fig"}). We also determined ARRB1 and ARRB2 expression using immunohistochemistry and observed similar results ([Fig. 1C](#F1){ref-type="fig"}; [Fig. S1](#SUP1){ref-type="supplementary-material"}). ARRB1 and ARRB2 were upregulated at 2 h after cerebral ischemia and lasted until 36 h after ischemia ([Fig. S2](#SUP1){ref-type="supplementary-material"}). These results suggest that these 2 proteins might contribute to the pathophysiological process of cerebral ischemia.

![**Figure 1.** Cerebral ischemia stimulates protein expression of β-arrestins in brain. (**A**) Protein expression of ARRB1 and ARRB2 in cardio--cerebro--vascular tissues. (**B**) ARRB1 and ARRB2 were upregulated in the penumbra of ischemic hemisphere from the mice subjected to middle cerebral artery occlusion (MCAO). \**P* \< 0.05, determined by Mann-Whitney Test. n = 4. (**C**) Frozen brain section (20 μM) was stained by antibodies against ARRB1 and ARRB2 respectively and observed under confocal microscopy. Relative fluorescence density was calculated.](auto-10-1535-g1){#F1}

Deletion of *Arrb1*, but not *Arrb2*, aggravates neuronal injury in cerebral ischemia in vivo and in vitro
----------------------------------------------------------------------------------------------------------

To evaluate the exact functions of β-arrestins in cerebral ischemia, we subjected *Arrb1* and *Arrb2* knockout mice (*arrb1^−/−^* and *arrb2^−/−^* mice, [Fig. S3A and S3B](#SUP1){ref-type="supplementary-material"}) to MCAO as described previously.[@R8]^,^[@R15] The cerebral blood flow was reduced by \~80% after MCAO, comparable between *arrb1^−/−^* and *arrb2^−/−^* mice ([Fig. S4](#SUP1){ref-type="supplementary-material"}). Physiological parameters, including pH, pCO~2~, pO~2,~ and blood pressure, were also comparable between *arrb1^−/−^* and *arrb2^−/−^* mice ([Table S1](#SUP1){ref-type="supplementary-material"}). At 24 h after MCAO, the mortality ([Fig. 2A](#F2){ref-type="fig"}) and infarct size ([Fig. 2C](#F2){ref-type="fig"}) were higher in *arrb1^−/−^* mice compared with wild-type (WT) controls, and the neurological deficit was aggravated in *arrb1^−/−^* mice ([Fig. 2E](#F2){ref-type="fig"}). Surprisingly, such phenotypes were not observed in *arrb2^−/−^* mice ([Fig. 2B, D, and F](#F2){ref-type="fig"}). In the ischemic penumbra areas of both *arrb1^−/−^* and *arrb2^−/−^* mice, hematoxylin and eosin staining demonstrated a large number of shrunken, scalloped neurons with pyknotic nuclei (yellow arrow), which indicated the dead neurons ([Fig. 2G](#F2){ref-type="fig"}). Notably, there were still some intact neurons (blue arrow) in WT mice, but not in *arrb1^−/−^* mice ([Fig. 2G](#F2){ref-type="fig"}). We did not observe any abnormality of neuron death or survival in 8- to 10-wk-old *arrb1^−/−^* mice in normal conditions (data not shown). We also detected apoptosis in the ischemic penumbra areas using TUNEL analysis. As shown in [Figure 2H](#F2){ref-type="fig"}, there were more apoptotic cells (TUNEL-positive) in *arrb1^−/−^* mouse brain compared with WT mice. These results indicate that deletion of *Arrb1*, but not *Arrb2*, aggravates neuronal injury induced by cerebral ischemia in vivo.

![**Figure 2.** ARRB1, but not ARRB2, is neuroprotective in cerebral ischemia in vivo. (**A and B**) Mortality at 24 h after MCAO was increased in *arrb1^−/−^* mice (**A**), but not in *arrb2^−/−^* mice (**B**). \**P* \< 0.05, determined by the *Chi-Square* Test. n = 15 to 32. NS, no significance. (**C and D**) Infarct size in *arrb1^−/−^* (**C**) and *arrb2^−/−^* mice (**D**) was measured by 2, 3, 5-triphenyltetrazolium chloride (TTC) staining (white). \**P* \< 0.05, determined by ANOVA. n = 6 to 9. NS, no significance. (**E and F**) Neurological deficit score in *arrb1^−/−^* (**E**) and *arrb2^−/−^* mice (**F**). \**P* \< 0.05, determined by Kruskal-Wallis test. n = 6 to 9. NS, no significance. (**G**) Hematoxylin and eosin staining showing the morphological characteristics of WT and *arrb1^−/−^* mouse brains upon MCAO. Shrunken neurons with pyknotic nuclei are indicated with yellow arrows while intact neurons are indicated with blue arrows. (**H**) TUNEL analysis showing the apoptotic cells in penumbra of WT and *arrb1^−/−^* mouse brain upon MCAO. TUBB3 was stained to show axons of neurons. n = 7. \**P* \< 0.05, determined by *t* test.](auto-10-1535-g2){#F2}

We then isolated neurons from WT and *arrb1^−/−^* mice and cultured them in vitro. Oxygen-glucose deprivation (OGD) treatment is a well-established in vitro model of cerebral ischemia.[@R8]^,^[@R15] Upon 2 h OGD treatment, there was an obvious reduction in cell viability ([Fig. 3A](#F3){ref-type="fig"}) in WT neurons. The lactate dehydrogenase (LDH) in the culture supernatant fraction was also increased in WT neurons ([Fig. 3B](#F3){ref-type="fig"}). These changes were further deteriorated in *arrb1^−/−^* neurons ([Fig. 3A and B](#F3){ref-type="fig"}). Furthermore, using immunofluorescence staining of TUBB3, a marker of living neuron, we found that the cell number decreased significantly by OGD treatment in WT neurons and *arrb1^−/−^* neurons, while the *arrb1^−/−^* neurons displayed extensive severe injury under OGD ([Fig. 3C](#F3){ref-type="fig"}).

![**Figure 3.** ARRB1 is neuroprotective in neuronal ischemia in vitro. (**A**) Cell viability in cultured *arrb1^−/−^* neurons under control (CTRL) and oxygen glucose deprivation (OGD) conditions were determined by the CCK-8 assay. (**B**) Cell injury in cultured *arrb1^−/−^* neurons under control and OGD conditions were determined by LDH release assay. (**C**) Number of living neurons was determined by immunofluorescence staining assay with an antibody against the neuron marker TUBB3. \**P* \< 0.05, determined by *t* test. n = 8.](auto-10-1535-g3){#F3}

Deletion of *Arrb1* does not influence inflammation, oxidative stress, and NAD^+^ metabolism in cerebral ischemia
-----------------------------------------------------------------------------------------------------------------

Since post-ischemic inflammation and oxidative stress were tightly associated with post-ischemic brain damage,[@R16]^,^[@R17] we studied the levels of inflammatory factors and oxidative stress. First, the levels of 3 important inflammatory factors, including TNF (tumor necrosis factor), IL6 (interleukin 6 \[interferon, β 2\]) and CCL2 (chemokine \[C-C motif\] ligand 2), were measured. We found that ischemic stress stimulated the levels of them in the penumbra area ([Fig. 4A--C](#F4){ref-type="fig"}). However, these inductions were comparable between WT and *arrb1^−/−^* mice ([Fig. 4A--C](#F4){ref-type="fig"}). We also found similar phenotypes in levels of malondialdehyde (MDA) and superoxide, 2 markers of oxidative stress ([Fig. 4D and E](#F4){ref-type="fig"}). In addition, we examined the influence of *arrb1* knockout on NAMPT, the rate-limiting enzyme for NAD^+^ biosynthesis.[@R18] NAMPT has been reported to be a determinant of cell death upon nutrition deprivation recently.[@R19] Cerebral ischemia induced NAMPT upregulation in the peri-infarct penumbra, comparable between *arrb1^−/−^* and WT mice ([Fig. 4F](#F4){ref-type="fig"}). All above factors appeared unimportant to the neuroprotection of ARRB1 against ischemic brain injury, and we then investigated the possibility of the autophagic defense system.

![**Figure 4.** Knockout of *Arrb1* does not alter inflammation, oxidative stress, and NAD^+^ metabolism during cerebral ischemia. (**A--C**) Levels of TNF, IL6, and CCL2 in penumbra and contralateral brain tissues at 24 h after cerebral ischemia in WT and *arrb1^−/−^* mice were determined by ELISA assays. n = 6 to 9. NS, no significance. (**D and E**) Levels of MDA and superoxide in penumbra and contralateral brain tissues at 24 h after cerebral ischemia in WT and *arrb1^−/−^* mice were determined. n = 6 to 9. MDA, malondialdehyde; NS, no significance. (**F**) Expression of NAMPT protein, which is the rate-limiting enzyme for NAD^+^ biosynthesis, in unaffected contralateral and peri-infarct penumbra brain tissues in WT and *arrb1^−/−^* mice. n = 4 in each group. \**P* \< 0.05 vs contralateral; NS, no significance.](auto-10-1535-g4){#F4}

Deletion of *Arrb1* strongly suppresses autophagosome formation upon cerebral ischemic stress
---------------------------------------------------------------------------------------------

To assess the potential involvement of ARRB1 in autophagy process during cerebral ischemia, we pretreated the WT and *arrb1^−/−^* mice with autophagy inhibitor 3-methyladenine (3-MA) at 30 min before MCAO. In WT mice, 3-MA treatment significantly aggravated neuronal cell death ([Fig. 5A](#F5){ref-type="fig"}) and increased cleaved CASP3/caspase-3 expression ([Fig. 5B](#F5){ref-type="fig"}) in the penumbra area, suggesting the neuroprotection of autophagy in cerebral ischemia. This observation was in line with previous reports.[@R5]^,^[@R6]^,^[@R20]^,^[@R21] On the contrary, 3-MA treatment failed to induce any effects in *arrb1^−/−^* mice ([Fig. 5A and B](#F5){ref-type="fig"}). And, the neuronal cell death and cleaved CASP3 expression in *arrb1^−/−^* mice without 3-MA treatment were similar to those in WT mice with 3-MA treatment ([Fig. 5A and B](#F5){ref-type="fig"}). These results implicate that the neuroprotection of ARRB1 might involve autophagy. To further explore this hypothesis, we injected rapamycin, an inducer of autophagy, into *arrb1^−/−^* mice. Injection of rapamycin partly antagonized *arrb1* knockout-induced aggravation of brain injury ([Fig. 5C](#F5){ref-type="fig"}).

![**Figure 5.** Deletion of *Arrb1* markedly limits the autophagic process and promotes apoptosis-necrosis in the mouse cerebral ischemia model. (**A**) TUNEL assay showing the brain cell apoptosis in penumbra tissues at 24 h after cerebral ischemia in WT and *arrb1^−/−^* mice. \*\**P* \< 0.01 compared to the WT without 3-MA treatment. n = 8. NS, no significance. (**B**) Western blotting assay showing the cleaved CASP3 expression in penumbra brain tissues at 24 h after cerebral ischemia in WT and *arrb1^−/−^* mice. \*\**P* \< 0.01 compared to the WT without 3-MA treatment. n = 8. MCAO, middle cerebral artery occlusion; CTRL, control (without MCAO). NS, no significance. (**C**) Autophagy inducer rapamycin antagonized the deletion of *Arrb1*-induced aggravation of neuronal injury by MCAO. n = 8. (**D**) Ultrastructural features in brain tissues of penumbra from *arrb1^−/−^* and WT mice at 30 min after MCAO (yellow asterisk indicating autophagosomes). n = 8. N, nuclei. (**E**) Western blotting images depicting LC3-I, LC3-II, and SQSTM1 and quantification of LC3-II and SQSTM1 levels in *arrb1^−/−^* and WT brains. \**P* \< 0.05, determined by the Mann-Whitney Test. n = 5. \**P* \< 0.05, determined by the Mann-Whitney Test. n = 5. (**F**) Immunohistochemistry staining of LC3 in brain tissues of penumbra from *arrb1^−/−^* and WT mice at 30 min after MCAO. \**P* \< 0.05, determined by the Mann-Whitney Test. n = 8.](auto-10-1535-g5){#F5}

Next, we directly analyzed autophagy at early stage of cerebral ischemia (30 min after MCAO \[in vivo\] and 30 min after OGD \[in vitro\]). Ultrastructural analysis demonstrated the typical autophagosomes in penumbra area of WT mice after MCAO but scarce in *arrb1^−/−^* mice ([Fig. 5D](#F5){ref-type="fig"}). LC3-II, which is recruited to phagophore membranes, is an indicator of autophagosome formation.[@R6]^,^[@R22] We tested the LC3-II/ACTB (actin, β) ratio in penumbra tissue of WT and *arrb1^−/−^* mice upon MCAO. The LC3-II/ACTB ratio was significantly increased by ischemic insult in WT mice, but to a much lesser extent in *arrb1^−/−^* mice ([Fig. 5E](#F5){ref-type="fig"}), indicating that knockout of *arrb1* markedly inhibits the conversion from LC3-I to LC3-II. SQSTM1 is an autophagic substrate whose abundance correlates inversely with autophagic activity.[@R22] SQSTM1 protein expression was decreased by ischemic insult in WT mice but, surprisingly, increased in *arrb1^−/−^* mice ([Fig. 5E](#F5){ref-type="fig"}). However, similar changes of *Sqstm1* mRNA expression were also observed ([Fig. S5A](#SUP1){ref-type="supplementary-material"}). Immunofluorescent analysis showed less LC3 puncta in *arrb1^−/−^* mice upon MCAO compared with WT mice ([Fig. 5F](#F5){ref-type="fig"}).

We further studied the essential role of ARRB1 in autophagy in cultured neurons. At 30 min after OGD, LC3 formed puncta-like structure (yellow arrows) in WT neurons ([Fig. 6A](#F6){ref-type="fig"}). However, it still uniformly distributed in the *arrb1^−/−^* neurons ([Fig. 6A](#F6){ref-type="fig"}). Notably, at this time point, the signal observed for cleaved CASP3 was stronger in *arrb1^−/−^* neurons than in WT neurons ([Fig. 6A](#F6){ref-type="fig"}). We also transfected WT and *arrb1^−/−^* neurons with lentivirus expressing GFP-LC3. GFP-LC3 puncta was induced by short-term OGD treatment in WT neurons, but to a lesser extent in *arrb1^−/−^* neurons ([Fig. 6B](#F6){ref-type="fig"}). Treatment with bafilomycin A~1~, a specific inhibitor of the vacuolar ATPase-dependent proton pump that prevents the acidification of lysosomes and disrupts autophagic degradation, further increased GFP-LC3 puncta in WT neurons, and also to a lesser extent in *arrb1^−/−^* neurons ([Fig. 6B](#F6){ref-type="fig"}). Immunoblotting assay showed that LC3-II/ACTB ratio was significantly increased in WT neurons upon OGD, which was not observed in *arrb1^−/−^* neurons ([Fig. 6C](#F6){ref-type="fig"}). Decrease in autophagosomes could result from enhancement of autophagic degradation or block of autophagic flux. To distinguish between these, we treated WT and *arrb1^−/−^* neurons with bafilomycin A~1~ and subjected them to OGD stress. Bafilomycin A~1~ markedly increased LC3-II levels in WT neurons but to a lesser extent in *arrb1^−/−^* neurons ([Fig. 6D](#F6){ref-type="fig"}). We also investigated SQSTM1 protein and mRNA levels in control and OGD neurons. SQSTM1 protein was downregulated by OGD in WT neurons, but accumulated in *arrb1^−/−^* neurons upon OGD stimuli (\~3-fold, [Fig. 6E](#F6){ref-type="fig"}). Bafilomycin A~1~ challenge further increased SQSTM1 protein levels in WT neurons but not in *arrb1^−/−^* neurons ([Fig. 6F](#F6){ref-type="fig"}). *Sqstm1* mRNA levels were increased in *arrb1^−/−^* neurons upon ischemic stress (\~1.5-fold, [Fig. S5B](#SUP1){ref-type="supplementary-material"}), suggesting that the increase of SQSTM1 protein in *arrb1^−/−^* neurons may not be, or at least not only be, due to an impairment of protein degradation.

![**Figure 6.** Deletion of *Arrb1* suppresses autophagosome formation in neuron OGD models. (**A**) Triple immunohistochemistry staining of TUBB3 (neuron marker), LC3, and cleaved CASP3 in *arrb1^−/−^* and WT neurons under control (CTRL) and OGD conditions (see Materials and Methods for details). DAPI was used to stain nuclei. (**B**) Cultured *arrb1^−/−^* and WT neurons were transfected with GFP-LC3 lentivirus and subjected to OGD treatment with or without bafilomycin A~1~ (Baf A1, 100 nM). \**P* \< 0.05 vs WT, n = 8. (**C and D**) Western blotting images depicting LC3-I and LC3-II in *arrb1^−/−^* and WT neurons with or without bafilomycin A~1~ (Baf A1). \**P* \< 0.05, determined by the Mann-Whitney Test. n = 5. (**E and F**) Western blotting images depicting SQSTM1 in *arrb1^−/−^* and WT neurons with or without bafilomycin A~1~ (Baf A1). \**P* \< 0.05, determined by the Mann-Whitney Test. n = 5.](auto-10-1535-g6){#F6}

ARRB1 is recruited to the BECN1 core complex upon ischemic stress in neurons
----------------------------------------------------------------------------

We next asked how ARRB1 regulates neuronal autophagy during cerebral ischemia. Since ARRB1 functions as a scaffold for intracellular signaling transductions,[@R9] we investigated the distribution of ARRB1 protein in primary neurons. In normal conditions, ARRB1 was expressed in both cytoplasm and nucleus ([Fig. 7A](#F7){ref-type="fig"}). Intriguingly, in OGD-treated neurons, some puncta-like structures formed and these structures were ARRB1-positive ([Fig. 7A](#F7){ref-type="fig"}). In view of these results, we speculated that ARRB1 might directly participate in autophagosome formation as a scaffold protein via interacting with some critical autophagic protein complexes. The ULK1 (homolog of yeast Atg1) kinase complex leads to autophagy induction,[@R23]^,^[@R24] while the BECN1 core complex is recruited to the phagophore to initialize the nucleation and elongation of the autophagosome.[@R25]^,^[@R26] We did not detect an interaction between ARRB1 and ULK1 or ULK2 under normal or OGD conditions ([Fig. S6](#SUP1){ref-type="supplementary-material"}). Instead, we found that ARRB1 interacted with BECN1 in the OGD condition, but not in normal conditions ([Fig. 7B](#F7){ref-type="fig"}). To confirm this observation, we studied whether the phosphatidylinositol 3-kinase (PtdIns3K) class III catalytic subunit (PIK3C3/Vps34), an important component of the BECN1 core complex,[@R25] interacted with ARRB1. As expected, the interaction between ARRB1 and BECN1-PIK3C3 was detected under the OGD condition but not normal conditions in WT neurons ([Fig. 7B](#F7){ref-type="fig"}). In *arrb1^−/−^* neurons, the interaction between ARRB1 and BECN1-PIK3C3 was not observed ([Fig. 7B](#F7){ref-type="fig"}). Immunofluorescence staining further demonstrated the colocalization of ARRB1 and BECN1 in OGD-treated neurons ([Fig. 7C](#F7){ref-type="fig"}). ARRB1 deletion did not alter the protein levels of BECN1 and PIK3C3 under both normal and ischemic conditions ([Fig. S7](#SUP1){ref-type="supplementary-material"}) and ARRB1 did not participate in the interaction between BECN1 and PIK3C3 under normal conditions ([Fig. S8](#SUP1){ref-type="supplementary-material"}). These interesting results suggest that ARRB1 does not interact with the BECN1 core complex under normal conditions, but is recruited to BECN1 core complex when autophagy is induced upon ischemic stress.

![**Figure 7.** ARRB1 interacts with BECN1 and PIK3C3 upon ischemic stress in neurons. (**A**) Distribution pattern of ARRB1 protein in WT primary neurons under control and OGD conditions. (**B**) Interaction between ARRB1 and BECN1-PIK3C3 detected by immunoprecipitation analysis in WT and *arrb1^−/−^* neurons under control and OGD conditions. IP, immunoprecipitation; WB, western blotting. (**C**) Colocalization of ARRB1 and BECN1 in WT primary neurons under OGD stress.](auto-10-1535-g7){#F7}

Deletion of *Arrb1* impairs the formation of BECN1 core complex upon ischemia stress in neurons
-----------------------------------------------------------------------------------------------

We further asked whether the BECN1 core complex, which is required for autophagosome formation, would be affected by knockout of *Arrb1*. Immunoprecipitation assay showed the interaction between BECN1 and PIK3C3 upon OGD stress in WT neurons ([Fig. 8A and B](#F8){ref-type="fig"}). However, this interaction was absent in *arrb1^−/−^* neurons ([Fig. 8A and B](#F8){ref-type="fig"}). These results indicate that deletion of *Arrb1* disrupts the formation of the BECN1 core complex upon ischemic stress. Using the PIK3C3 kinase assay, we showed that deletion of *Arrb1* markedly reduced the kinase activity of PIK3C3 ([Fig. 8C](#F8){ref-type="fig"}). We also assessed the influence of ARRB1 on the interaction of BECN1 and BCL2. *Arrb1* deletion did not affect the interaction or disassociation between BECN1 and BCL2 under normal and ischemic conditions ([Fig. S9](#SUP1){ref-type="supplementary-material"}).

![**Figure 8.** Knockout of *Arrb1* abrogates the interaction between BECN1 and PIK3C3 in neurons upon ischemic stress. (**A**) Cell lysates of WT and *arrb1^−/−^* neurons upon OGD were immunoprecipitated with anti-BECN1 antibody and then detected by anti-PIK3C3 antibody. (**B**) Cell lysates of WT and *arrb1^−/−^* neurons upon OGD were immunoprecipitated with anti- PIK3C3 antibody and then detected by anti-BECN1 antibody. WB, western blotting. (**C**) Lysates from the WT and *arrb1^−/−^* neurons were immunoprecipitated with anti-PIK3C3 and assayed for PIK3C3 kinase activity with a thin layer chromatography assay.](auto-10-1535-g8){#F8}

Discussion
==========

This is the first report showing ARRB1 is neuroprotective in cerebral ischemia through the coordination of autophagy. In this study, both ARRB1 and ARRB2 were upregulated by ischemic stimuli in mouse MCAO model. However, only knockout of *Arrb1* aggravated the neuronal injury induced by experimental ischemia. *arrb1^−/−^* mice exhibited more severe infarct size, neuronal deficit, and mortality compared with WT mice in the MCAO model. Deletion of *Arrb1* also induced deleterious influences on cultured neurons in the OGD model. Knockout of *Arrb1* did not change the inflammation, oxidative stress, and NAD^+^ metabolism, but greatly inhibited autophagosome formation in neurons upon ischemic stress, which was evidenced by autophagy inhibitor 3-MA treatment, electron microscope assay, immunofluorescence staining, and immunoblotting analysis. Thus, the *arrb1* knockout-induced loss in functional autophagy promoted neuron death. Mechanically, it seemed that ARRB1 did not participate in autophagy under normal conditions, but was recruited to BECN1 core complex when autophagy was induced upon ischemic stress. Because ARRB1 interacted with BECN1 and PIK3C3 in ischemic setting, knockout of *Arrb1* blocked the formation of the BECN1 core complex and extensively inhibited autophagosome formation and markedly reduced the kinase activity of PIK3C3, the catalytic subunit of PtdIns3K.

It is well described that β-arrestins are regulators for receptors of structurally diverse classes, including 7 membrane-spanning receptors, the nicotinic cholinergic receptors, receptor tyrosine kinases and cytokine receptors.[@R9]^,^[@R10] β-arrestins "arrest" the GPCRs signaling capability through desensitization and internalization. This negative feedback regulation of GPCRs is important for GRCRs signaling termination.[@R9]^,^[@R10] In recent years, β-arrestins have emerged as multifunctional adaptor and scaffold proteins that dynamically assemble a wide range of multiprotein complexes in various critical intracellular signal transduction pathways such as those modulated by WNT-CTNNB1/β-catenin,[@R27] EP300/p-300,[@R28] mitogen-activated protein kinases/extracellular signal-regulated kinases,[@R29] and insulin signaling.[@R12] Thus, β-arrestins participate in many critical physiopathological processes, including schizophrenia,[@R30] depression,[@R31] cardioprotection of β-blocker,[@R32] and insulin resistance.[@R12] However, their function in ischemia-induced cell injury is unknown. A previous work reported that ARRB1 was upregulated in a rat cerebral hypoxia-ischemia model, yet the significance of this upregulation was not studied.[@R33] In our study, using *Arrb1* and *Arrb2* knockout mice, we provided the first evidence that genetic deletion of *Arrb1*, but not *Arrb2*, aggravated the cerebral ischemia-induced neuronal damage. These results indicate that ARRB1 has neuroprotective effects in cerebral ischemia, which may provide new insight into its biological functions.

In addition, we found that deletion of *Arrb1* abolished the autophagic process, and prompted apoptosis and/or necrosis at the early stage of cerebral ischemia, pointing out that the *arrb1* knockout disrupts the balance between autophagy and apoptosis or necrosis in neurons upon ischemic stress. Generally, autophagy is thought to be a adaptive response with cytoprotective effect in ischemic injury, e.g., myocardial infarct[@R34]^,^[@R35] and liver ischemia,[@R36]^,^[@R37] although the role of autophagy in cerebral ischemia is to some extent controversial, with some studies showing that activation of autophagy is detrimental[@R38]^-^[@R41] while others supporting that autophagy is neuroprotective.[@R5]^,^[@R6]^,^[@R20]^,^[@R21]^,^[@R42] A series of studies demonstrate that inhibition of autophagy, including the use of the pharmacological inhibitor 3-MA,[@R39] or genetic inactivation of *Atg7*[@R40] or *Becn1*,[@R41] protects against cerebral hypoxia-ischemia-induced neuronal death. In contrast, other studies show that inhibition of autophagy leads to aggravated neuronal injury using similar investigative tools.[@R5]^,^[@R6]^,^[@R21]^,^[@R42] We consider that the differences in research tools, administration route, drug dose, ischemia duration, observation time, and evaluation index may critically affect the ultimate conclusion. The most important issue may be the research tools. Among these studies, Uchiyama\'s group[@R40] and Zeng\'s group[@R41] have used genetic tools, while other studies[@R5]^,^[@R6]^,^[@R21]^,^[@R38]^,^[@R39]^,^[@R42] use 3-MA to test the in vivo function of autophagy in cerebral ischemic damage. As 3-MA inhibits all classes of PtdIns3K and the following signaling cascades, the specificity of 3-MA, especially in vivo, should be carefully considered. The side effects of 3-MA may lead to inappropriate conclusions. Besides the research tools, observation time also affects the results. In our previous study,[@R8] we found that autophagy was increased only at 2 h post-cerebral ischemia in NAMPT-overexpressing brain tissue and neurons, which was not observed at 8 and 24 h post-cerebral ischemia. To clarify the exact role of autophagy in cerebral ischemia, more detailed works are warranted.

Our results further demonstrate that deletion of *Arrb1* remarkably inhibited autophagosome formation upon ischemic stress. We also found that ARRB1 interacts with BECN1 and PIK3C3 in OGD model but not in normal conditions. Coimmunoprecipitation assays showed that ARRB1 is able to interact with BECN1 and PIK3C3 in neurons. Colocalization staining assays confirmed this phenotype. Additionally, deletion of *Arrb1* reduced the kinase activity of PIK3C3. Therefore, we postulated that ARRB1 acts as an essential coordinator of autophagy interacting with BECN1-PIK3C3 to regulate the BECN1 core complex development. The experiments in *arrb1^−/−^* neurons ([Fig. 8](#F8){ref-type="fig"}) confirmed this speculation. BECN1 interacts with several cofactors, including ATG14,[@R43]^,^[@R44] PIK3R4/VPS15/p150,[@R43] UVRAG,[@R43] HMGB1,[@R45] and KIAA0226 (1700021K19Rik in mice and RGD1305422 in rats)/Rubicon,[@R44] to regulate the lipid kinase PIK3C3 and promote formation of BECN1 core complexes, thereby inducing autophagy.[@R26] ARRB1 is a scaffold and adaptor protein and plays a role in desensitization, i.e., alterations in receptor sequestration and receptor signaling.[@R9]^,^[@R10] ARRB1 also interacts with other proteins, such as the γ-secretase complex.[@R46] The amino acid residues 241 to 360 of ARRB1 are important for the interaction between the ARRB1 and γ-secretase complex.[@R46] So how ARRB1 exactly interacts with the BECN1 core complex remains an unanswered and intriguing question of fundamental importance. This issue is a limitation of our study and we will explore the interaction domain of ARRB1 and BECN1-PIK3C3 in future investigations. Interestingly, deletion of *Arrb1* does not totally abolish autophagy. In fact, in *arrb1^−/−^* mice or neurons, mild autophagy was still observed upon ischemic stress ([Figs. 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). This observation suggests that noncanonical BECN1-independent autophagic pathways[@R47]^,^[@R48] might also take part in pathophysiological changes after cerebral ischemia.

SQSTM1 is a stress-inducible intracellular protein known to regulate various signal transduction pathways involved in cell survival and cell death.[@R49] Growing lines of evidence suggest that SQSTM1, as a autophagy substrate, is degraded by autophagy for clearance of protein aggregates and organelles.[@R49] *Sqstm1* mRNA level has been reported to be regulated by different factors. For example, Jain et al. report that overexpression of NFE2L2/NRF2 (nuclear factor \[erythroid-derived 2\]-like 2) increases *Sqstm1* mRNA levels.[@R50] If there are simultaneous increases of SQSTM1 protein and mRNA expression, the accumulation of SQSTM1 protein may be not caused by disruption of autophagy.[@R50] In our study, SQSTM1 protein was degraded in WT mice brain tissue or WT neurons after ischemic stress, which was delayed by deletion of *Arrb1* (increased about \~3-fold). However, the *Sqstm1* mRNA levels were also increased about 3.5-fold in *arrb1^−/−^* mice penumbra and 1.5-fold in *arrb1^−/−^* neurons respectively. The difference between the in vivo and in vitro *Sqstm1* mRNA levels (1.5-fold vs 3.5-fold) may due to the influence of activated glia or infiltrated immune cells such as T cells on *Sqstm1* mRNA levels upon ischemia.[@R51]^,^[@R52] Thus, we think the data obtained from cell experiment may be more accurate for reflecting the *Sqstm1* mRNA level changes in *arrb1^−/−^* neurons. Since the SQSTM1 protein was increased about \~3-fold whereas *Sqstm1* mRNA was increased \~1.5-fold in *arrb1^−/−^* neurons under ischemic conditions, we considered that the accumulation of SQSTM1 protein in *arrb1^−/−^* neurons under ischemic conditions is not, or at least not only, due to an impairment of protein degradation. Because both ARRB1 and SQSTM1 are intracellular adaptor proteins, we propose that there may be some undiscovered molecular links between them. This question needs further investigation.

We have noted that there were some reports on roles of ARRB1 and ARRB2 in neuronal cell death in Alzheimer disease. Thathiah et al. demonstrate that genetic deletion of *Arrb2* leads to a reduction in the production of Aβ(40) and Aβ(42) in transgenic AD mice.[@R14] Liu et al. show that genetic ablation of *Arrb1* diminishes Aβ pathology and behavioral deficits in transgenic AD mice.[@R46] Although there are great differences between the pathophysiology of cerebral ischemia and Alzheimer disease, we can safely conclude that β-arrestins play pivotal role in neuronal survival.

Collectively, we demonstrate that ARRB1 mediates neuroprotection in cerebral ischemia through coordinating BECN1-dependent autophagy. This action of ARRB1 provides a novel insight into the molecular mechanisms underlying the autophagy-induced neuroprotection in cerebral ischemia, and may be of particular importance in autophagy biology. Furthermore, because autophagy has been found to be associated with not only cerebral ischemia, but also other neurological diseases, such as neurodegeneration, brain microbial infection, and aging, thus our results of the regulation of ARRB1 on autophagy may ultimately help to improve our understandings of the molecular mechanisms and offer new clinical therapeutic directions for these diseases.

Materials and Methods
=====================

Mice
----

Male *arrb1^−/−^* and *arrb2^−/−^* mice (2- to 4- mo old, body weight \> 20 g) were used and described previously.[@R12]^,^[@R13] All experiments were performed in adherence with the National Institutes of Health guidelines on the laboratory animals and were approved by the Scientific Investigation Board of our university.

Materials and reagents
----------------------

Antibodies against ARRB1 (SAB4501798) and ACTB/β-actin \#A1978) were obtained from Sigma-Aldrich Co. LLC. Antibodies against ARRB2 \#3857), cleaved CASP3 (9661), BECN1 (3495) and PIK3C3 (4263) were obtained from Cell Signaling Technology, Inc.. NAMPT antibody (sc-67020) was purchased from Santa Cruz Biotechnology, Inc. LC3 antibody (ab58610) was purchased from Abcam. TUBB3/Tuj-1 antibody (ab14545) was from Abcam. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay kit (G3250) was purchased from Promega. TNF/tumor necrosis factor-α (SEA133Mu, IL6 (interleukin 6, SEA079Mu) and CCL2 (SEA087Mu) ELISA kits were purchased from USCN Life Science. Malondialdehyde (MDA) assay kit (STA-332) was obtained from Cell Biolabs, Inc. Superoxide anion chemiluminescent detection kit (574590) was obtained from Millipore.

Primary neuron culture
----------------------

Primary mouse neuronal cells were prepared from the cerebral cortex of neonatal animals within 6 h after birth and genotyping, as described previously.[@R8]^,^[@R15] One day after isolation, the cultures were replenished with Neurobasal medium (Life Technologies, 21103-049) supplemented with 2% B27 (Life Technologies, 17504044). Glial growth was suppressed by addition of 5-fluoro-2-deoxyuridine and uridine (10 μM), yielding cultured cells with \> 90% neurons, confirmed by RBFOX3/NeuN (neuron marker; Millipore, MAB377) and GFAP (astrocyte marker; Cell Signaling Technology, Inc., 3670) staining. After 5 d in vitro (DIV), the neurons were used for experiments.

In vivo and in vitro cerebral ischemia model
--------------------------------------------

MCAO model (in vivo) was prepared in mice as described previously.[@R8]^,^[@R15] The core temperature (rectum) was maintained by use of a homeothermic heating pad. Cerebral focal ischemia was produced by intraluminal occlusion of the left middle cerebral artery using a silicone rubber-coated nylon monofilament. Cortical blood flow was measured with a laser Doppler flowmeter (Moor Instruments, moorVMS-LDF, Axminster, Devon, UK). The physiological parameters, including arterial blood pressure, arterial pH, arterial pCO~2~, and arterial pO~2~, were monitored in mice before and after MCAO using a blood pressure instrument and a blood gas analyzer. Mice were examined for neurological deficits using Bederson method.[@R53] Infarct size was determined by staining with 2,3,5-triphenyltetrazolium chloride (TTC, Amresco LLC., 298-96-4) and was analyzed with Image J software.

OGD model (in vitro) was prepared in cultured neurons as described previously.[@R8]^,^[@R15] Primary mouse cortical neurons were isolated from the cerebral cortex of neonatal mice within 6 h after birth and genotyping, described previously.[@R15] To establish OGD conditions, the cultured neurons (d 7 to 10) were washed 3 times and incubated with glucose-free Earle's balanced salt solution and placed for different times within a hypoxic chamber (Forma Scientific) that was continuously flushed with 95% N~2~ and 5% CO~2~ at 37 °C to obtain \< 0.5% O~2~. Control neuron cultures were placed in EBSS (14155063, Gibco, St. Lawrence, MA, USA) containing glucose (25 mmol/L) and incubated under normal culture conditions for the same period.

Administration of 3-MA
----------------------

Autophagy inhibitor 3-MA was purchased from Sigma (M9281). Intracerebroventricular (-1.0 mm anteroposterior, 1.4 mm lateral, -4.0 mm dorsoventral solution prepared in saline. Mice were injected at 30 min before the MCAO under anesthesia. relative to bregma) injections were given in the right lateral ventricle with 3 μl of a 20 mg/ml The dosage of 3-MA was selected according to several published studies[@R5]^,^[@R41]^,^[@R54]^,^[@R55] and our previous study.[@R8] According to previous results, this dosage of 3-MA did not affect physiological parameters including pH, pCO~2~, pO~2~, and serum glucose level.[@R56]

Administration of rapamycin and bafilomycin A~1~
------------------------------------------------

Rapamycin (200 μg/kg, Cell Signaling Technology, 9904) or vehicle (saline) was injected intraperitoneally. The dose of rapamycin was selected according to the previous reports.[@R57]^,^[@R58] Bafilomycin A~1~ (100 nM, Santa Cruz Biotechnology, Inc., sc-201550) was added into cultured cells to prevent the acidification of lysosomes and disrupt autophagic degradation.

Tissue sampling
---------------

In this study, the ischemic penumbra was used as illustrated in [Figure S10](#SUP1){ref-type="supplementary-material"}. Mice were euthanized and brains were harvested and sectioned into 1.6-mm coronal sections (5 sections) and stored at −80 °C. The middle section (3rd section) was stained with 1.2% TTC for 20 min (37 °C) to determine the infarct area. The infarct area became white and the uninfarct area was red, so the ischemic penumbra in this section was determined. Therefore, we could approximately decide the ischemic penumbra in the adjacent sections (2nd and 4th sections). And the experiments such as TUNEL staining, immunohistochemistry and immunoblotting were performed on the ischemic penumbra of these 2 sections.

Transmission electron microscopy
--------------------------------

Tissues were fixed with 2% paraformaldehyde and 2% glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4), followed by post-fixation for 8 h in 1.5% osmium tetraoxide. After dehydration with graded alcohols, the samples were dehydrated in a graded ethanol series and embedded in epoxy resin. Samples were sectioned (80 nm), counterstained with uranylacetate and lead citrate and observed with a transmission electron microscope (Hitachi, H-800, Tokyo, Japan). Images were acquired digitally from a randomly selected pool of 10 to 15 fields under each condition.

Western blotting
----------------

Tissues and cells were lysed in RIPA buffer with protease inhibitor cocktail (Pierce, 78430) and used for western blotting as described previously.[@R15]^,^[@R59] Blots were incubated with specific primary antibodies and IRDye800CW-conjugated secondary antibodies (926-32211 and 926-32212, Li-Cor Bioscience, Lincoln, NE, USA).[@R60]^,^[@R61] The image was captured by the Odyssey infrared imaging system (Li-Cor Bioscience, Lincoln, NE, USA). All western blotting experiments were repeated at least 3 times.

Coimmunoprecipitation
---------------------

Immunoprecipitation was performed as described previously.[@R15]^,^[@R59] Primary neurons were lysed in RIPA buffer with protease inhibitor cocktail. The crude lysates were cleared of insoluble debris by centrifugation at 12,000 g. Immunoprecipitating antibody (3 μg) or normal IgG (negative control, Santa-cruz, sc-2762) were added and incubated on a rotator at 4 °C overnight. The 20 μl G/A agarose beads (Santa-cruz, sc-2003) were added into the 200 μl homogenates or lysates, and incubated for 2 h with gentle agitation. The beads were washed 3 times with the lysis buffer and boiled with 10 μl 2 × sample buffer (Fermentas, R1011). The beads were removed by centrifugation (5 min at 14,000 rpm). The supernatant fraction was collected and used for western blotting.[@R62]

Immunochemistry and immunofluorescence
--------------------------------------

Immunochemistry and immunofluorescence were performed as described previously.[@R63]^,^[@R64] Frozen 20-μm thick brain sections or cultured neurons placed on Confocal dish (Corning, CLS-DL-CC-014) were fixed in 4% paraformaldehyde, blocked by 8% normal donkey serum (Santa Cruz Biotechnology, sc-2044), and incubated in specific primary antibodies as follows: goat anti-LC3 (1:500), mouse anti-TUBB3 (1:1000), rabbit anti-cleaved CASP3 (1:200), mouse anti-ARRB1 (1:200) and rabbit anti-BECN1 (1:500). After being washed 3 times by PBST (0.1% Tween 20 in PBS \[70011-044, Gibco\]), the sections and cells were incubated with corresponding Alexa 488-conjugated donkey anti-mouse (Molecular Probes, A-21202), Alexa 555-conjugated donkey anti-rabbit (Molecular Probes, A-21432) and Alexa 647-conjugated donkey anti-goat (Molecular Probes, A11055) secondary antibodies. DAPI (Molecular Probes, D1306) was used to stain nuclei.[@R65] The immunofluorescence TUNEL assay was performed according to the instructions of the manufacturer.[@R8]^,^[@R55] Images were obtained by confocal microscopy (Olympus, Fluoview FV1000, Tokyo, Japan).

Quantification of LC3 puncta or GFP-LC3 puncta
----------------------------------------------

For quantitative confocal microscopy of endogenous LC3 puncta, LC3 immunohistochemistry was performed in frozen brain tissues. The 20-μm-thick brain sections were incubated with LC3 primary antibody and then Alexa-555 conjugated secondary antibody. Under confocal microscopy (10 × magnification), the puncta-like structures per field were calculated. For GFP-LC3 puncta quantification, lentivirus expressing GFP-LC3[@R66] (Millipore Corporation, \#17-10193) was added into the medium of cultured neurons. Three d later, the neurons were subjected to OGD treatment with or without bafilomycin A~1~ (100 nM).[@R67]^,^[@R68]

Inflammatory factors and oxidative stress assays
------------------------------------------------

Mouse non-ischemic and ischemic brain tissues were homogenized in PBS with a protease inhibitor cocktail. After centrifuging at 14,000 rpm for 10 min, the supernatant fraction was collected. TNF, IL6, CCL2 and MDA levels were determined with ELISA kits according to the manufacturer's instructions. Reaction product was detected by spectrophotometry using microtiter plate reader. Superoxide Anion levels were determined with a chemiluminescent kit (Calbiochem, 574590) and the luminescence was recorded by microtiter plate reader. The levels of TNF, IL6, CCL2, MDA, and superoxide were calculated according to the standard curve.[@R69]

Cell viability and injury assay
-------------------------------

Cell viability was evaluated by a nonradioactive cell counting kit (CCK-8, Dojindo, CK04-01) assay. Lactate dehydrogenase release analysis was performed with a colorimetric LDH cytotoxicity assay to assess cell injury. Reaction product was detected by spectrophotometry at 450 nm,[@R70] using a microtiter plate reader (Tecan, Maennedorf, Switzerland).

In vitro PIK3C3 lipid kinase assay
----------------------------------

The endogenous PIK3C3 lipid kinase assay was performed according to a previous report.[@R71] Cells were lysed and immunoprecipitaed with anti-PIK3C3. Then, the immune complexes were incubated in a buffer (20 mM HEPES, 1 mM EGTA, 0.4 mM EDTA, 5 mM MgCl~2~, 0.05 mM DTT, 50 mM ATP, 5 mM MnCl~2~, and 50 mM DTT, pH 7.4) containing 0.2 mg/ml phosphatidylinositol (Sigma, P5766) and 5 μCi ^32^P-ATP at 37 °C for 45 min. The kinase reactions were terminated by the addition of 20 μl of 8 M HCl and extracted with 160 μl chloroform:methanol (1:1). This extracted phospholipid products were separated on Silica Gel 60A (Merck, 115111). Plates were dried and followed by visualization with a Typhoon Imager (GE Healthcare Biosciences, Piscataway, NJ).

Statistical analysis
--------------------

Data are expressed as mean ± SEM *P* values were calculated with one-way analysis of variance (ANOVA) followed by the Tukey post-hoc test with Prism software (GraphPad) unless otherwise noted. Statistical significance was set at *P* \< 0.05.
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3-MA

:   3-methyladenine

CCL2

:   chemokine (C-C motif) ligand 2

CNS

:   central nervous system

GPCRs

:   G protein-coupled receptors

IL6

:   interleukin 6 (interferon, beta 2)

LDH

:   lactate dehydrogenase

MCAO

:   middle cerebral artery occlusion

MDA

:   malondialdehyde

NAMPT

:   nicotinamide phosphoribosyltransferase

OGD

:   oxygen-glucose deprivation

PIK3C3

:   phosphatidylinositol 3-kinase, catalytic subunit type 3

PtdIns3K

:   phosphatidylinositol 3-kinase

TNF/TNFα

:   tumor necrosis factor

WT

:   wild type
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